Systemic iron homeostasis is mainly controlled by the liver through synthesis of the peptide hormone hepcidin (encoded by Hamp), the key regulator of duodenal iron absorption and macrophage iron release. Here we show that the liver-specific microRNA miR-122 is important for regulating Hamp mRNA expression and tissue iron levels. Efficient and specific depletion of miR-122 by injection of a locked-nucleic-acid-modified (LNA-modified) anti-miR into WT mice caused systemic iron deficiency, characterized by reduced plasma and liver iron levels, mildly impaired hematopoiesis, and increased extramedullary erythropoiesis in the spleen. Moreover, miR-122 inhibition increased the amount of mRNA transcribed by genes that control systemic iron levels, such as hemochromatosis (Hfe), hemojuvelin (Hjv), bone morphogenetic protein receptor type 1A (Bmpr1a), and Hamp. Importantly, miR-122 directly targeted the 3¢ untranslated region of 2 mRNAs that encode activators of hepcidin expression, Hfe and Hjv. These data help to explain the increased Hamp mRNA levels and subsequent iron deficiency in mice with reduced miR-122 levels and establish a direct mechanistic link between miR-122 and the regulation of systemic iron metabolism.
Introduction
The liver is the major body iron storage site and the endocrine organ responsible for the regulation of systemic iron homeostasis. The homeostatic system controls plasma iron availability in order to supply iron to cells and tissues and to prevent toxic iron excess. It reacts to the demand of the erythron, which requires most of the systemically available iron for erythroid heme synthesis and transmits signals to duodenal enterocytes (which absorb iron from the diet), macrophages (which release iron recycled from senescent erythrocytes), and hepatocytes (the major iron reserve; ref. 1). The liver orchestrates iron fluxes by synthesizing the small peptide hormone hepcidin (encoded by Hamp; also known as LEAP1; refs. 2, 3), which controls the amount of iron available in the circulation by interacting with the iron exporter ferroportin. Ferroportin is expressed on the surface of duodenal enterocytes, macrophages, and hepatocytes and upon hepcidin binding is internalized and degraded (4) . Disturbance of the hepcidin/ferroportin regulatory system unbalances systemic iron levels and causes important disorders, such as iron deficiency anemia (e.g., iron refractory iron deficiency anemia; ref. 5) or iron overload disorders (e.g., the frequent genetic disorder hereditary hemochromatosis [HH] ; ref. 6) , or contributes to the iron overload of iron-loading anemia, such as the thalassemias (7) . The liver senses systemic iron availability through genes mutated in HH -hemochromatosis (Hfe; refs. 8, 9) , hemojuvelin (Hjv; refs. [10] [11] [12] , and transferrin receptor 2 (Tfr2; refs. 13, 14) -and through the bone morphogenetic protein 6 (15, 16) and Smad4 proteins (17, 18) , which serve to regulate hepcidin transcription. In addition, inflammatory cytokines secreted from macrophages stimulate hepcidin synthesis, resulting in iron retention in macrophages (e.g., hepatic Kupffer cells) and reduced intestinal iron absorption. Persistent induction of hepcidin by macrophage-secreted inflammatory cytokines results in the anemia of inflammation, a common disorder of patients with chronic inflammatory conditions (19) .
MicroRNAs (miRNAs) are an abundant class of short, noncoding RNAs that regulate gene expression at the posttranscriptional level. miRNA activity has been associated with the control of a wide range of processes, such as development, differentiation, and metabolism (20) . Mature miRNAs interact with the RNA-induced silencing complex to base pair with partially homologous sequences in the 3′-untranslated region (3′-UTR) of target mRNAs. Mechanistically, miRNAs prevent mRNA translation (21) and/or mediate target mRNA degradation (22) . Computational analyses suggest that miRNAs may regulate up to 30% of the human protein-coding genes (23) ; however, thus far only a small number of target genes have been experimentally confirmed (TarBase database of validated miRNA targets; ref. 24) . miR-122 is an abundant, liver-specific miRNA (25, 26) whose expression is decreased in advanced liver diseases, such as cirrhosis (27) and hepatocellular carcinoma (28, 29) . Several independent studies demonstrate that in vivo inhibition of miR-122 reduces systemic cholesterol levels by as-yet unidentified molecular mechanisms (30, 31) . We noticed that these publications report increased mRNA levels of the HH-associated proteins Hfe and Hjv in response to miR-122 inhibition (31, 32) . Moreover, miR-122 expression is critical for HCV infection, replication, and response to IFN therapy (33) (34) (35) . Taken together, these data indicate that miR-122 plays a fundamental role in regulating hepatic functions.
In this study, we addressed the question of whether miR-122 is involved in maintaining systemic iron homeostasis. We showed that expression of miR-122 was decreased in a mouse model of HH and in liver biopsies of HH patients. Efficient inhibition of miR-122 in WT mice caused systemic iron deficiency, hallmarked by reduced plasma and liver iron levels, impaired hematopoiesis, and increased extramedullary erythropoiesis. Moreover, miR-122 depletion directly increased mRNA expression of activators of hepcidin transcription, such as Hfe, Hjv, and bone morphogenetic protein receptor type 1A (Bmpr1a), in liver tissue and murine primary hepatocytes. Elevated hepcidin levels help to explain the systemic iron deficiency in mice with reduced miR-122 levels.
Results
The liver-specific miR-122 is downregulated in Hfe -/-mice. To investigate whether miRNA expression is altered in response to hepatic iron overload, we analyzed total liver RNA from mice with primary iron overload as a consequence of Hfe deficiency (36) or WT mice with iron overload caused by iron-dextran injection (8) . miRNA expression profiling was performed using the miChip microarray platform (37) (38) (39) . We found that miR-122, a miRNA abundantly and selectively expressed in the liver, was downregulated in Hfe -/-mice (data not shown). Subsequent real-time quantitative PCR (qPCR) analysis revealed significantly reduced hepatic miR-122 expression in untreated Hfe -/-mice compared with WT controls (1.63-fold; P = 0.039; Figure 1A ), but not in WT mice injected with iron-dextran (P = 0.187; Figure 1B ) or subjected to dietary iron overload (P = 0.471; Figure 1C ). Similar to the data obtained in Hfe -/-mice, we observed reduced miR-122 levels in liver biopsies from HH patients with homozygous C282Y mutations compared with control subjects without Hfe mutations or iron overload (1.68-fold; P = 0.068; Figure 1D ). However, statistical significance was not reached. Interpretation of the reduced miR-122 levels in HH patients is hampered by the fact that in addition to Hfe deficiency and iron overload, HH patients experience varying degrees of hepatic fibrosis and steatosis, as well as therapeutic interventions that may affect miR-122 expression (refs. 35, 40 , and Supplemental Table 5 ; supplemental material available online with this article; doi:10.1172/JCI44883DS1). In contrast, Hfe -/-mice do not demonstrate hepatic fibrosis or fat accumulation (41) , which suggests that the lack of Hfe specifically causes decreased miR-122 levels. These data, together with previous observations that Hfe and Hjv mRNA expression increased in the livers of miR-122-depleted mice (31, 32) , led us to hypothesized that miR-122 could be involved in maintaining iron homeostasis.
Efficient and specific antagonism of miR-122 in murine liver. To functionally investigate a possible link between miR-122 and iron metabolism, we inhibited miR-122 by a single i.p. injection of locked nucleic acid-modified (LNA-modified) anti-miR oligonucleotides (31) into age-and sex-matched C57BL/6 WT mice. To inhibit miR-122 specifically, we injected an anti-miR compound with perfect complementarity to miR-122 (perfect match; referred to herein as PM_anti-miR-122). As negative controls, mice were injected either with an LNA control compound with 2 mismatches (referred to herein as 2MM_antimiR-122) or saline vehicle control (0.9% NaCl). Mice were sacrificed 3 and 6 weeks after injection. Independent of treatment, mice were viable and exhibited no overt physical or behavioral abnormalities. To assess the efficiency of miR-122 inhibition, hepatic miR-122 levels were measured by qPCR (Figure 2A ). The amount of detectable miR-122 was reduced compared with saline-injected mice by 28-and 11-fold at 3 and 6 weeks, respectively, after injection with PM_anti-miR-122. Injection of the 2MM_anti-miR-122 control did not significantly reduce miR-122 detectability. Expression of the miR-122 primary transcript was not altered under the experimental conditions (Supplemental Figure 1A) . To exclude that PM_anti-miR-122 administration disturbs the expression of other miRNAs we analyzed miRNA expression profiles in the livers, hearts and spleens of the same mice (Supplemental Figure 2) . Our data show specific and exclusive inhibition of miR-122 in the liver of PM_anti-miR-122 treated mice. In the spleen, expression of 3 miRNAs was increased in PM_anti-miR-122-treated mice, which may be a consequence of increased extramedullary hematopoiesis (see below). Alteration of the miRNA profile was not detected in the heart, where miR-122 is not expressed (26) .
Furthermore, miR-122 inhibition by PM_anti-miR-122 increased hepatic mRNA levels of the miR-122 target gene aldolase A (Aldoa; ref. 31) at both 3 weeks (2.8-fold vs. saline; 4.0-fold vs. 2MM_anti-miR-122) and 6 weeks after treatment (3.4-fold vs. saline; 2.7-fold vs. 2MM_anti-miR-122; Figure 2B ). Likewise, serum cholesterol levels were decreased (30, 31) 3 weeks after injection of PM_anti-miR-122 (Supplemental Figure 1B) . Taken together, these data suggest that PM_anti-miR-122 injection specifically and efficiently antagonizes miR-122 and that miR-122 inhibition is functional.
PM_anti-miR-122-treated mice show altered hematological parameters and reduced plasma and liver iron levels. To assess potential consequences of miR-122 inhibition on systemic iron metabolism, we analyzed hematological parameters in PM_anti-miR-122-injected mice (Table 1 and Supplemental Table 1 ). The mean corpuscular volume (MCV) of erythrocytes was significantly decreased 3 and 6 weeks after PM_anti-miR-122 administration compared with 2MM_anti-miR-122-or saline-injected mice. In addition, reticulocyte counts were significantly increased at the 3-week time point. Reticulocyte hemoglobin (Rhb) content, a useful diagnostic parameter for iron deficiency (42) , was significantly reduced in PM_anti-miR-122-treated mice 3 weeks after injection (Table 1) . Whereas elevated reticulocyte numbers suggest ongoing hemolysis in humans, reticulocytosis in mice arises as a consequence of dietary iron deficiency (43) . Taken together, the hematological analyses of PM_anti-miR-122-treated mice showed that miR-122 inhibition hinders hematopoiesis, possibly through inducing mild iron deficiency.
We next analyzed the iron content of the liver (site of iron storage), spleen (site of iron recycling), and plasma (site of iron transport) in miR-122-depleted mice (Table 2) . Interestingly, the non-heme iron content was markedly decreased in the liver of PM_anti-miR-122-treated mice both 3 and 6 weeks after injection (3 weeks, 18% vs. saline and 10% vs. 2MM_anti-miR-122; 6 weeks, 27% vs. saline and 24% vs. 2MM_anti-miR-122). In contrast, a small but significant increase in iron content was observed in the spleen of PM_anti-miR-122-treated mice at the 3-week time point compared with both controls (49% vs. saline and 19% vs. 2MM_anti-miR-122); this was normalized 6 weeks after injection. Consistent with iron-deficient hematopoiesis, we observed a decrease in plasma iron levels (approximately 12.5% vs. saline and 17% vs. 2MM_anti-miR-122) and transferrin iron-binding capacity (Supplemental Table 1 ) at the 3-week time point. Interestingly, plasma iron levels started to increase in PM_anti-miR-122-treated mice 6 weeks after treatment (Table 2) , which suggests that the slight recovery in miR-122 activity at the 6-week time point may be sufficient to trigger this effect. Alteration of both hematological parameters and tissue iron levels that occur in response to in vivo miR-122 depletion are supported
Figure 2
miR-122 depletion is functional. (A) miR-122 detectability was decreased in the liver of PM_anti-miR-122-injected mice. Mice were injected i.p. with a single dose of 25 μg/g PM_anti-miR-122 (PM), 2MM_anti-miR-122 (2MM), or saline (SAL) and sacrificed 3 or 6 weeks after injection. Hepatic miR-122 expression was analyzed by qPCR, and data were normalized to the expression of small nucleolar RNA Sno135. Detectability of miR-122 was reduced 3 (P = 0.0001) and 6 (P = 0.0001) weeks after PM_anti-miR-122 administration. (B) Aldoa was increased in the liver of PM_anti-miR-122-injected mice 3 (P = 0.0001) and 6 (P = 0.0001) weeks after treatment. Values were normalized to mRNA expression of reference gene Gapdh. Data are mean ± SD (n = 8), and the saline-treated group was set to 100%. **P < 0.01, 1-way ANOVA.
Table 1
Altered hematological parameters in response to hepatic miR-122 inhibition by data from independent experiments that were conducted under modified experimental conditions or by using WT mice on a different genetic background (Supplemental Table 2 ). Taken together, these results indicate that in vivo inhibition of miR-122 decreases systemic iron and that an inadequate iron supply to the erythron mildly impairs hematopoiesis. miR-122 inhibition increases mRNA expression of Hfe, Hjv, Hamp, and Bmpr1a. Systemic iron levels are sensed by genes mutated in hereditary hemochromatosis (i.e., Hfe, Hjv, and Tfr2), and the signal is transmitted, at least in part, via the Bmp/Smad signaling pathway to regulate transcription of hepcidin (44) (45) (46) (47) . To investigate whether mRNA expression of genes in this pathway is affected by in vivo miR-122 inhibition, we analyzed total RNA from the liver of PM_ anti-miR-122-treated mice. mRNA expression of Hamp was significantly increased in PM_anti-miR-122-treated mice 3 weeks after injection compared with 2MM_anti-miR-122-and saline-injected controls (1.96-and 2.3-fold, respectively; Figure 3A ). In addition, mRNA expression of 3 positive hepcidin regulators, Hfe (3.9-fold vs. saline; 2.9-fold vs. 2MM_anti-miR-122), Hjv (7.1-fold vs. saline; 3.8-fold vs. 2MM_anti-miR-122), and Bmpr1a (4.9-fold versus saline; 2.8-fold vs. 2MM_ anti-miR-122), was significantly increased in PM_anti-miR-122-injected mice. In contrast, we did not detect any PM_anti-miR-122-specific change in the mRNA expression of Tfr2 or other hepcidin effectors (e.g., Smad7 and Smad4; Supplemental Figure 3) . Consistent with the partial relief of miR-122 inhibition ( Figure 2 ) and increased plasma iron levels (Table 2 ) at the 6-week time point, Hamp and Hfe mRNA expression returned to normal, and the changes in mRNA levels of Hjv (2.4-fold vs. saline and 4.1-fold vs. 2MM_anti-miR-122) and Bmpr1a (1.9-fold vs. saline and 2.2-fold vs. 2MM_anti-miR-122) diminished at 6 compared with 3 weeks.
To investigate whether increased mRNA expression of Hfe, Hjv, Hamp, and Bmpr1a in the liver of PM_anti-miR-122-treated mice is a consequence of hepatocyte-specific miR-122 depletion, we transfected murine primary hepatocytes with either PM_anti-miR-122 or scrambled control oligos. Consistent with the observations in PM_anti-miR-122-treated mice, we found significantly increased mRNA expression of Hfe (24 hours, P = 0.026; 48 hours, P = 0.117), Hjv (24 hours, P = 0.014; 48 hours, P = 0.11), Hamp (24 hours, P = 0.005; 48 hours, P = 0.044), Bmpr1a (24 hours, P = 0.034; 48 hours, P = 0.175), and Aldoa (24 hours, P = 0.003; 48 hours, P = 0.119) in primary hepatocytes (Figure 4 ). Liver and spleen iron content (μg iron/g dry tissue) and plasma iron content (μg iron/dl) were determined 3 and 6 weeks after anti-miR administration in C57BL/6J females (n = 8 per group per time point). Data are mean ± SD. Underlined and bold text denotes P < 0.05 and P < 0.01, respectively, across treatment groups (1-way ANOVA).
Figure 3
Liver mRNA expression of Hamp, Hfe, Hjv, and Bmpr1a is increased in PM_anti-miR-122-treated mice. Analysis of hepatic (A) Hamp (3 weeks, P = 0.0005; 6 weeks, P = 0.27), (B) Hfe (3 weeks, P = 0.0005; 6 weeks, P = 0.158), (C) Hjv (3 weeks, P = 0.0001; 6 weeks, P = 0.0225), and (D) Bmpr1a (3 weeks, P = 0.0001; 6 weeks, P = 0.011) mRNA expression by qPCR 3 and 6 weeks after anti-miR administration. Values were normalized to mRNA expression of reference gene Gapdh. Data are mean ± SD (n = 8), and the saline-treated group was set to 100%. *P < 0.05, **P < 0.01, 1-way ANOVA.
Anti-miR-122 administration does not induce an IL-6-mediated inflammatory response. In principle, LNA oligonucleotide-mediated activation of proinflammatory cytokines, such as IL-6, could stimulate Hamp mRNA expression via the Jak/Stat signaling pathway (19) . Therefore, we analyzed mRNA expression of the inflammatory marker Il1b as well as Il6 and its downstream effector C-reactive protein (Crp) in PM_anti-miR-122-injected mice (Supplemental Figure 4A) . Consistent with the lack of increased Il6 mRNA expression in PM_anti-miR-122-injected mice, we did not observe increased phospho-Stat3 levels in liver protein extracts (Supplemental Figure 4B) , which suggests that the Jak/Stat signaling pathway is not activated in these mice. Moreover, phosphorylation of Smad1/5/8 and mRNA expression of DNA binding protein 1 (Id1), a downstream target gene of the Bmp/Smad signaling pathway (48) , remained unchanged in the liver of PM_anti-miR-122-injected mice (Supplemental Figures 3 and 6) . Analyses of liver morphology, as well as assessment of T cell and macrophage numbers by immunohistochemistry, did not detect any significant differences between PM_anti-miR-122-treated mice and respective controls (Supplemental Figure 4C) . Taken together, these data show that hepcidin stimulation in PM_anti-miR-122-injected mice is unlikely the result of an inflammatory response mediated by IL-6 or IL-1β, which indicates that miR-122 directly or indirectly controls expression of one or more of the activators of Hamp levels (i.e., Hfe, Hjv, or Bmpr1a) or of Hamp itself.
Identification (24) . Applying this strategy, we identified 3 putative miR-122 binding sites in the 3′-UTR of Hjv and a single putative miR-122 target sequence in the 3′-UTR of Hamp mRNA (Supplemental Table 3 ). Application of the RNA22 algorithm (52) predicted 2 miR-122 binding sites in the 3′-UTR of the Hfe gene (Supplemental Table 3 ). No miR-122 seed sequences were identified within the Bmpr1a 3′-UTR; therefore, Bmpr1a was not further analyzed. We generated luciferase reporter genes bearing the fulllength 3′-UTRs of mouse Hamp, Hfe, and Hjv (referred to herein as pMIR-mHamp, pMIR-mHfe, and pMIR-mHjv, respectively). As a positive control, we used the 3′-UTR of the mouse Aldoa gene (pMIR-mAldoa), a validated miR-122 target (31) . As a negative control, the entire 3′-UTR of mouse Gapdh (pMIR-mGapdh) was inserted. To assess the specificity of putative miR-122 regulation, we also generated constructs where the seed sequences of the miR-122 binding sites were mutated (Supplemental Table 3 ; bold sequences). To further monitor expression control by miR-122 mimics (Ambion), we generated artificial positive and negative control vectors containing sequence with perfect complementarity to miR-122 and to the miR-122 sequences directly (pMIR-122 + and pMIR-122 -, respectively).
Hfe and Hjv are miR-122 target genes. To investigate whether the predicted 3′-UTRs of the Hfe, Hjv, and Hamp mRNAs convey miR-122-dependent regulation, we cotransfected miR-122 mimics (referred to herein as pre-miR-122) and the luciferase reporter plasmids into Hepa1-6 mouse hepatocarcinoma cells. As expected, luciferase activity from cells transfected with the positive control vector pMIR-122 + was strongly reduced upon miR-122 overexpression (7-to 10-fold, Figure 5 ). Conversely, pMIR-122 --transfected cells were unaffected by miR-122
Figure 4
miR-122 inhibition in murine primary hepatocytes. Primary hepatocytes were transfected with PM_anti-miR-122 or scrambled control oligos (SCR). (A) miR-122 expression was analyzed 24 (P = 0.01) and 48 (P = 0.01) hours after transfection. (B-F) Expression of (B) Hfe (24 hours, P = 0.026; 48 hours, P = 0.117), (C) Hjv (24 hours, P = 0.014; 48 hours, P = 0.11), (D) Hamp (24 hours, P = 0.005; 48 hours, P = 0.044), (E) Bmpr1a (24 hours, P = 0.034; 48 hours, P = 0.175), and (F) Aldoa (24 hours, P = 0.003; 48 hours, P = 0.119) mRNA 24 and 48 hours after transfection of PM_anti-miR-122 or scrambled control oligos. Data are mean ± SD (n = 4), and the value for scrambled control-transfected cells was set to 100%. Data were normalized to mRNA expression of the appropriate reference gene. *P < 0.05, **P < 0.01, 2-tailed Student's t test. overexpression ( Figure 5 ), which suggests that miR-122 overexpression is efficient and specific. Likewise, transfection of the miR-122 mimic significantly reduced luciferase counts from the positive control pMIR-mAldoa (2.23-fold; P = 0.003), whereas luciferase counts from pMIR-mAldoa mut, which contains mutated miR-122 seed sequences (Supplemental Table 3 ), were unaffected. Importantly, overexpression of the miR-122 mimic significantly reduced expression from pMIRmHfe (2.72-fold; P = 0.00002) and pMIR-mHjv (1.74-fold; P = 0.0001), but not from constructs in which the predicted miR-122 binding sites are mutated (pMIR-mHfe mut and pMIRmHjv mut) or from pMIR-mGapdh, which does not contain a predicted miR-122 target site ( Figure 5 ). The suppressive effect of miR-122 on pMIR-mHfe and pMIR-mHjv was maintained for at least 72 hours after transfection (Supplemental Figure 5) . We further observed a minor reduction of luciferase counts from pMIR-mHamp upon miR-122 overexpression. However, this effect appears not to be specific, because a similar level of reduction was obtained when the predicted miR-122 target site was mutated. Taken together, these data show that the 3′-UTRs of Hfe and Hjv are direct targets of miR-122.
miR-122 inhibition induces extramedullary hematopoiesis.
To investigate how hepatic miR-122 inhibition leads to elevated spleen iron levels (Table 2) , we analyzed mRNA expression of iron-related genes on a specialized microarray platform (IronChip; mouse version 9). Interestingly, we observed increased mRNA expression of Tfr1 and several enzymes involved in heme biosynthesis -hydroxymethylbilane synthase (Hmbs), ferrochelatase (Fech), uroporphyrinogen decarboxylase (Urod), coproporphyrinogen oxidase (Cpox), and delta-aminolevulinate synthase 2 (Alas2) -as well as the hemoglobin α adult chain 1 (Hba-a1) in the spleen of PM_anti-miR-122-injected mice at 3, but not 6, weeks after treatment ( Figure 6A ). Increased mRNA expression of Tfr1, Hmbs, Alas2, and Hba-a1 as confirmed by qPCR analysis ( Figure 6B) . Additionally, miChip analysis of splenic total RNA indicated that 3 miRNAs (miR-451, miR-17, and miR-29b) were selectively increased in the spleen of PM_ anti-miR-122-injected mice (Supplemental Figure 8) , a result confirmed by miRNA qPCR ( Figure 6C ). miR-451 was previously linked to murine and human erythroid differentiation (53-55), in that its transcription is activated by the erythroid transcription factor Gata-binding factor-1 (Gata1), which
Figure 5
Validation of Hfe and Hjv as miR-122 target genes. Hepa1-6 cells were transfected with pMIR-mHfe, pMIR-mHjv, pMIR-mHamp, pMIR-mAldoa, or pMIR-mGapdh (see Supplemental Table 3 for localization of predicted miR-122 binding sites), miR-122 complementary sequence (pMIR-122 + ), or miR-122 antisense sequence (pMIR-122 -), either with (pre-miR-122) or without (control) miR-122 mimics. Luciferase activity was measured 24 hours later. As a specificity control, we transfected luciferase reporter vectors linked to the 3′-UTRs of the genes of interest that contain mutations within the predicted miR-122 seed sequences (mut; see Supplemental Table 3 ). Experiments were performed at least in triplicate, and results of the luciferase reporter assay are presented as fold change ± SD of the pre-miR-122-and control-transfected cells. *P < 0.05, **P < 0.01, 2-tailed Student's t test.
drives erythroid differentiation to a late stage (53) (54) (55) . miR-451 in turn suppresses Gata2, which is responsible for maintaining the erythroid precursor stage. Consistent with enhanced erythropoiesis in the spleen of PM_anti-miR-122-injected mice, we observed increased miR-451 and Gata1. Gata2 mRNA levels only showed lower expression in PM_anti-miR-122-injected mice compared with the saline control ( Figure 6D ). Collectively, these data suggest that inhibition of miR-122 expression leads to iron deficiency, which in turn increases extramedullary hematopoiesis.
Discussion
Hepatocytes sense systemic iron availability and regulate systemic iron fluxes. Plasma iron levels are controlled by 2 major hepatic signaling pathways: the HH-associated proteins (Hfe, Hjv, and Tfr2) and the Bmp/Smad signaling pathway, which control the hepcidin response to systemic iron availability, and proinflammatory cytokines and the Jak/Stat pathway, which mount the inflammatory response of hepcidin (56, 57) . Activation of either of these signaling pathways increases hepcidin levels, which leads to decreased duodenal iron absorption and iron
Figure 6
Extramedullary hematopoiesis in PM_anti-miR-122-injected mice. (A) Heat map representing genes with increased mRNA expression in the spleen of PM_anti-miR-122 treated mice, as assessed by IronChip. n.c., not changed. (B) Splenic Tfr1 (P = 0.007), Hmbs (P = 0.08), Hba-a1 (P = 0.24), and Alas2 (P = 0.14) mRNA expression, as assessed by qPCR 3 weeks after injection of anti-miRs. Data were normalized to mRNA expression of reference gene Actb. (C) Splenic expression of miR-451 (3 weeks, P = 0.0016; 6 weeks, P = 0.979), miR-29b (3 weeks, P = 0.0019; 6 weeks, P = 0.844), and miR-17 (3 weeks, P = 0.093; 6 weeks, P = 0.19) by miRNA qPCR 3 and 6 weeks after injection of antimiRs. Data were normalized to expression of miR-452, which remained unchanged in miRNA expression profiles of splenic total RNAs of the same mice. (D) Splenic Gata1 (P = 0.003) and Gata2 (P = 0.041) mRNA expression 3 weeks after injection of anti-miRs. Data are mean ± SD (n = 8), and values from the saline-treated group were set to 100%. *P < 0.05, **P < 0.01; 1-way ANOVA.
release from macrophages. In contrast, TMPRSS6 (58) and the inhibitory Smad protein Smad7 (59) suppress hepcidin levels.
In this study, we showed for the first time to our knowledge that systemic iron homeostasis is also controlled by a miRNA. Hepatic miR-122 expression was critical to prevent iron deficiency in plasma and liver, impairment of hematopoiesis caused by low iron availability, and extramedullary erythropoiesis in the spleen. Thus, decreased miR-122 expression, which was observed in Hfe -/-mice and HH patients (Figure 1, A and D) , may be a compensatory response of the liver to limit iron uptake and counteract liver iron overload. However, the biological significance of the decreased miR-122 levels in Hfe -/-mice needs to be established, because hepatic miR-122 reduction in Hfe -/-mice failed to increase mRNA expression of the known miR-122 target gene Aldoa or to affect molecular pathways that reduce cholesterol levels in miR-122-depleted mice (data not shown). Thus, it may simply be a marker rather than a functionally consequential response.
Our findings demonstrated that hepatic miR-122 inhibition by LNA-modified PM_anti-miR-122 was highly specific: miR-122, and no other miRNA, was exclusively inhibited in the liver upon PM_anti-miR-122 injection (Supplemental Figure 2) , and 2 mismatches within the LNA-modified anti-miR (2MM_anti-miR-122) were sufficient to prevent hepatic miR-122 inhibition and alterations in systemic iron homeostasis ( Figure 2 and Table  1 ). Interestingly, hepatic miR-122 inhibition in the liver of WT mice and in primary murine hepatocytes caused increased mRNA expression of Hamp and 3 of its transcriptional activators (Hfe, Hjv, and Bmpr1a; Figures 3 and 4) . Notably, increased Hfe, Hjv, and Bmpr1a mRNA expression was also reported in 3 previous studies on miR-122 antagonism in mice (31, 32, 60) . This suggests that the observed stimulation of Hfe and Hjv mRNA expression is specific for miR-122 depletion and independent of the antisense chemistry applied. Elevated expression of Hfe, Hjv, and Bmpr1a would be expected to stimulate the Bmp/Smad signaling pathway in mice (44) . However, increased Smad1/5/8 phosphorylation in protein extracts from PM_anti-miR-122-injected mice was not detected (Supplemental Figure 6) . Consistently, mRNA expression of Id1, a target gene of the Bmp/Smad signaling pathway (48) , remained unchanged in the liver of PM_anti-miR-122-injected mice (Supplemental Figure 3 ). High hepcidin levels would be expected to cause iron retention (e.g., in splenic macrophages) and decreased iron absorption by stimulating the internalization and degradation of the iron exporter ferroportin (4). However, ferroportin protein levels in the spleen were not decreased in PM_anti-miR-122-injected mice (Supplemental Figure 7) . We speculate that the iron demand for extramedullary erythropoiesis that occurs in the spleen of PM_anti-miR-122-injected mice needs to be satisfied, and thus hepcidin-independent regulatory mechanisms, such as BACH1-or NRF2-mediated transcriptional control of ferroportin (61) , may override the hepcidin response of ferroportin.
Extramedullary hematopoiesis in PM_anti-miR-122-injected mice is characterized by increased splenic mRNA expression of Tfr1, enzymes involved in heme biosynthesis (Hmbs, Fech, Urod, Cpox, and Alas2), and Hba-a1 as well as the hematopoietic miR-451. Interestingly, overexpression of Hba-a1 mRNA in anemic mice correlates with rapid recovery from anemia (62) , which suggests that similar mechanisms may apply to PM_anti-miR-122-injected mice. Also of note is the elevated expression of miR-451, which was previously reported to be essential for erythropoiesis in mammals and zebrafish and shown to depend on Gata1 (53-55).
Elevated miR-451 expression is responsible for decreased expression of Gata2, a transcription factor required to maintain the erythroid precursor stage. Here we show that Gata1 and miR-451 expression increased and Gata2 mRNA levels tended to decrease in the spleen of PM_anti-miR-122-injected mice, which suggests that this regulatory network is maintained during murine extramedullary erythropoiesis in the spleen. It is intriguing to speculate that increased expression of miR-29b and miR-17 ( Figure 6C ) -which was also observed in miR-122-depleted mice and, to our knowledge, previously not linked to erythropoiesis -may also be relevant for this process. Taken together, our findings suggest that iron deficiency induced by miR-122 limitation triggers erythropoiesis in the spleen to avoid anemia.
We further uncovered a mechanistic link among miR-122 depletion, elevated hepcidin expression, and systemic iron deficiency. We showed that Hfe and Hjv, 2 genes mutated in the frequent iron overload disorder HH, contained functional miR-122 binding sites ( Figure 5 , Supplemental Figure 5 , and Supplemental Table 3 ). Importantly, mutation of the predicted miR-122 binding sites prevented the suppressive effect of miR-122, which suggests that miR-122-dependent inhibition of Hfe and Hjv is specific.
The fatty acid and iron metabolic networks are interconnected; however, the identification of common regulatory elements has been elusive. Recently, several studies showed that miR-122 is required to maintain serum cholesterol levels in mice and nonhuman primates (30-32, 63, 64) . However, the miR-122 target gene responsible for this phenotype has not been discovered. In addition to its role in maintaining iron and cholesterol metabolism, miR-122 is critical for efficient HCV replication (33) (34) (35) 65) . Inhibition of hepatic miR-122 in chimpanzees chronically infected with HCV led to long-lasting suppression of both HCV replication and viremia (64) . miR-122 expression is also reduced in hepatocellular carcinoma (28, 29) and is regulated by the circadian rhythm (60) , which suggests that miR-122 activity may be required to synchronize genes within overlapping metabolic pathways. In recognition of the circadian rhythmicity of miR-122 expression, samples from the mice analyzed in this study were always collected at the same time of the day and sacrificed in a random order. Furthermore, the link between miR-122 expression and important human diseases suggests that miR-122 could be a target for therapeutic intervention.
In summary, we propose the following model for the role of miR-122 in iron homeostasis: miR-122 regulates the expression of the HH-associated proteins Hfe, Hjv, and possibly others. Overexpression of Hfe and Hjv activates Hamp mRNA expression (66). Elevated hepcidin levels will limit the iron export capacity from duodenal enterocytes and macrophages and cause plasma and liver iron deficiency. As a consequence, iron-deficient hematopoiesis develops, and extramedullary hematopoiesis is observed in the spleen. Future experiments are needed to clarify the signaling pathways that control the Hamp response to elevated Hfe and Hjv expression in anti-miR-122-treated mice.
Methods
Animal care and animal models. All mice were housed in the European Molecular Biology Laboratory animal facility under a constant light-dark cycle, maintained on a standard mouse diet, and allowed ad libitum access to food and water. Mice were euthanized by CO2 inhalation. All mouse breeding and animal experiments were approved by and conducted in compliance with the guidelines of the European Molecular Biology Laboratory Institutional Animal Care and Use Committee. A total of 48 female WT mice on the C57BL/6J genetic background were injected at 10-12 weeks of age. 16 mice were injected i.p. with 25 mg/kg PM_anti-miR-122 (31) in isotonic solution (0.9% NaCl), with perfect complementarity to miR-122. As controls, 16 mice were injected i.p. with 400 μl NaCl or with 25 mg/kg 2MM_anti-miR-122 (designed with 2 mismatches toward the miR-122 seed sequence; ref. 31) in isotonic solution. Hfe -/-mice were described previously (36) . Induction of iron overload by a dietary regimen (67) or iron-dextran injection (8) has been described previously.
Hematological parameters, serum and tissue iron content, and total cholesterol measurement. Heparinized blood was collected by cardiac puncture. Hematological parameters were determined using a blood counter instrument. Plasma iron content was assayed using the Iron Kit (Thermo Electron GmbH) in a 96-well format using a serial dilution of iron atomic absorption standard solution (1,000 mg/ml iron in HCl; Sigma-Aldrich). The unsaturated iron binding capacity was measured using the U.I.B.C. kit (Biolabo) according to the manufacturer's instructions. Tissues isolated from anti-miR-treated mice were analyzed for non-heme iron as previously described (68, 69) . Total plasma cholesterol was analyzed using ABX Pentra Cholesterol CP (Horiba Group, Horiba ABX Diagnostics) according to the manufacturer's instructions. The measurements were carried out in duplicate and were correlated to a 2-fold diluted standard curve generated from an ABX Pentra MultiCal solution (Horiba ABX Diagnostics).
RNA extraction, reverse transcription, and mRNA qPCR. Tissue was disrupted using a Tissue Lyzer (Qiagen), and total RNA was isolated using TRIzol (Invitrogen). RNA quality and concentration was assessed using a 2100 Bioanalyzer (Agilent Technologies) and Nanodrop ND-1000 (Nanodrop Technologies), respectively. For mRNA analysis by qPCR, 2 μg total RNA was reverse transcribed with random hexamers using Superscript II Reverse Transcriptase (Invitrogen) following the manufacturer's instructions. qPCR was carried out using 10 ng cDNA in a 20-μl reaction volumes using SYBR Green I (Applied Biosystems) on a Prism 7500 (Applied Biosystems) and gene-specific primers. Relative qPCR expression of individual genes was normalized to the expression of reference genes Gapdh or actin B (Actb) using qBASE (70) and the ΔΔCq method (71) . See Supplemental Table 4 for primer sequences.
Extraction of total RNA from formalin-fixed, paraffin-embedded biopsies. Pseudonymized male human tissue samples were provided by the Tissue Bank of the National Center for Tumor Diseases Heidelberg (project no. 564) after approval by the ethics committee (no. 206/2005, Medical Faculty, Heidelberg, Germany). Because only long-term archived (>5 years), pseudonymized formalin-fixed, paraffin-embedded (FFPE) tissues were used, informed consent was not required for this study. 3 7-μm-thick FFPE sections were dewaxed in 500 μl xylene by incubation at 65°C (3 g) for 3 5-minute periods. The dewaxed sections were washed 3 times in 500 μl 100% ethanol (2 minutes; 15,700 g). After discarding the supernatant, samples were dried for 1 hour at 37°C. Tissue was digested using 10 μl proteinase K in 150 μl PKD buffer (Rneasy Kit FFPE, Qiagen) for 15 minutes at 55°C, followed by proteinase inactivation for 15 minutes at 80°C. Total RNA was extracted using the miRneasy kit (Qiagen).
IronChip, miChip, and miRNA qPCR in anti-miR mice. For IronChip analyses, 5 μg total RNA was reverse transcribed, amplified, and labeled as described previously (72) . Expression of miR-122 in the anti-miR-injected mice was analyzed by miRNA-specific TaqMan assays according to the manufacturer's instructions (Applied Biosystems).
For miRNA expression profiling by miChip, we pooled equal amounts of total RNA extracted from each mouse within the individual groups and analyzed RNA as previously described (37) (38) (39) . Array data were deposited in the Gene Expression Omnibus repository (GEO; accession no. GSE24786; ref. 73 ). Hepatic miR-122 levels in Hfe -/-mice were analyzed by miRCURY-LNA specific miRNA assays according to the manufacturer's instructions (Exiqon). miRNA measurements in the spleen (miR-451, miR-29b, and miR-17) and liver of anti-miR-122-injected mice, in patient biopsies (miR-122 and RNU6), and in primary hepatocytes (miR-122 and RNU6) were analyzed by miRNA qPCR (see Supplemental Methods). Independent of the method of qPCR analysis, relative miRNA expression levels were calculated using qBase (70) and determined relative to the appropriate reference gene(s).
3′-RACE, 3′-UTR cloning, and site-directed mutagenesis. cDNA for the 3′-rapid amplification of cDNA ends (3′-RACE) reaction was synthesized as described above, except that reverse transcription was primed using an oligo(dT)-adapter primer (Qiagen). 3′-RACE was carried out in a final volume of 50 μl containing 1 pmol of gene-specific primers (Supplemental Table 3 ), 20 ng cDNA, 25 mM dNTP mix, and 2.5 U Thermo-Start Taq polymerase (Thermo-Fisher). Amplification was performed with an initial activation step at 95°C for 15 minutes, followed by 40 cycles of 95°C for 30 seconds, 60°C for 30 seconds, and 72°C for 3 minutes. Primers were designed to amplify the full-length 3′-UTRs of mouse Hamp (bp 1-bp 106), Hjv (bp 1-bp 519), Aldoa (bp 1-bp 183), Gapdh (bp 1-bp 178), and Hfe (bp 1-bp 545). Predicted miR-122 binding sites are shown in Supplemental Table 3 .
pMIR is a derivative of the pGL3 vector (Promega) that was engineered to accommodate a multiple cloning site 3′ of the firefly luciferase gene. PCR products were cloned into the SacI/NheI sites and sequenced. To generate a positive (pMIR-122 + ) and a negative (pMIR-122 -) control vector, a doublestranded DNA oligo nucleotide with the identical sequence of miR-122 (see Supplemental Table 3 ) was inserted in the pMIR-SacI/NheI cloning sites either in the sense (+) or antisense (-) orientation.
Site-directed mutagenesis of the predicted miR-122 seed sequence (see Supplemental Table 3 ) within the 3′-UTR of the genes of interest was performed using GeneTailor System (Invitrogen) following the manufacturer's protocol.
Preparation of murine primary hepatocytes, transfections, and luciferase assays. Murine primary hepatocytes were isolated according to an optimized protocol described previously (ref. 74 and Supplemental Methods) and transiently transfected in 6-well plates using RNAiMAX (Invitrogen) with PM_anti-miR-122 (500 ng; Santaris Pharma) or a scrambled oligo control sequence (500 ng; Santaris Pharma). Total RNA was extracted 24 and 48 hours after transfection using TRIzol (Invitrogen).
For miR-122 overexpression, Hepa1-6 cells were transiently transfected in 24-well plates using Lipofectamine 2000 (Invitrogen) and 5 μM pre-miR-122 (Ambion) as well as 0.05 ng renilla and 10 ng firefly luciferase vectors. Cells were lysed at the indicated time points using 100 μl of 1× passive lysis buffer (Promega). To assay luciferase counts, we used a microplate luminometer (Microlumat plus LB96V; Berthold), 25 μl cell lysate, and 10 μl of both LAR II (Promega) and Stop and Glo (Promega).
Statistics. Data are expressed as mean ± SD. Results compared between groups were analyzed by 2-tailed Student's t test when 2 samples were considered or by 1-way ANOVA for 3 or more samples. When groups were compared using 1-way ANOVA, we assumed that data were normally distributed. A P value less than 0.05 was considered significant.
